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Recent evidence suggests that endoplasmic reticu-
lum (ER) tubules mark the sites where the GTPase
Drp1 promotes mitochondrial fission via a largely un-
known mechanism. Here, we show that the SNARE
protein syntaxin 17 (Syn17) is present on raft-like
structures of ER-mitochondria contact sites and pro-
motes mitochondrial fission by determining Drp1
localization and activity. The hairpin-like C-terminal
hydrophobic domain, including Lys-254, but not the
SNARE domain, is important for this regulation.
Syn17 also regulates ER Ca2+ homeostasis and inter-
feres with Rab32-mediated regulation of mitochon-
drial dynamics. Starvation disrupts the Syn17-Drp1
interaction, thus favoring mitochondrial elongation
during autophagy. Because we also demonstrate
that Syn17 is an ancient SNARE, our findings suggest
that Syn17 is one of the original key regulators for
ER-mitochondria contact sites present in the last eu-
karyotic common ancestor. As such, Syn17 acts as a
switch that responds to nutrient conditions and inte-
grates functions for the ER and autophagosomes
with mitochondrial dynamics.
INTRODUCTION
The interplay between fission and fusion that determines the mix
of interconnected, network-like mitochondria and small, frag-
mented mitochondria is called mitochondrial dynamics (Chan,
2012; Youle and van der Bliek, 2012). Mutations in proteins
that regulate mitochondrial dynamics often lead to neurode-
generative diseases, such as Charcot-Marie-Tooth disease,
Alzheimer’s disease, Parkinson’s disease, and Huntington’s
disease (Nunnari and Suomalainen, 2012). In mammals, the
dynamin-like GTPase Drp1 is a major mediator of mitochondrial
division. Drp1 is recruited from the cytosol onto mitochondria304 Developmental Cell 32, 304–317, February 9, 2015 ª2015 Elsevithrough the interaction with mitochondrial Drp1 receptors such
as Mff, MiD49, and MiD51/MIEF1, which allow Drp1 to oligomer-
ize and wrap around mitochondria (Elgass et al., 2013). This and
Drp1 guanosine triphosphate (GTP) hydrolysis constrict and
sever the mitochondrial outer membrane, leading to the release
of Drp1 from mitochondria (Mears et al., 2011). On the other
hand, mitochondrial fusion is mediated by three GTPases; mito-
fusins (Mfn1 andMfn2) for the outer membrane and Opa1 for the
inner membrane (Chan, 2012).
While mitochondria are semiautonomous organelles, a subdo-
main of the endoplasmic reticulum (ER), called the mitochondria-
associated membrane (MAM), forms contacts with mitochondria
anddeterminesmitochondriametabolism via the transfer of lipids
and Ca2+ signals between the ER and mitochondria (Raturi and
Simmen, 2013; Rowland andVoeltz, 2012). To achieve this cross-
talk, lipid-metabolizing proteins and Ca2+-handling proteins are
present on the MAM. Perhaps because of the accumulation of
lipid-metabolizing proteins, the entire region or, at least, some
part of the MAM is enriched in sphingolipids/cholesterol and,
possibly, also in gangliosides, thus resembling raft-like structures
(Chipuk et al., 2012; Hayashi and Su, 2007; Sano et al., 2009).
In mammalian cells, ER-localizedMfn2 has been shown to play
a key role in ER-mitochondria tethering by interacting with Mfn1
and/or Mfn2 on mitochondria (de Brito and Scorrano, 2008).
Several additional proteins have been identified to maintain
MAM and ER-mitochondria tethering structures, such as PACS-
2, Rab32, mammalian target of rapamycin complex 2 (mTORC2),
and IP3 receptor complexes (Raturi andSimmen, 2013). The inter-
action of the ER and mitochondria is also regulated by microtu-
bules (MTs) (Friedman et al., 2010) and actin (Korobova et al.,
2013). Pioneering work by Friedman et al. (2011) revealed that
ER tubules mark mitochondrial constriction sites where oligo-
merized Drp1 accumulates. However, the molecular mechanism
underlying this phenomenon remains to be elucidated.
Syntaxin 17 (Syn17) localizes to tubular, smooth ER mem-
branes and is unique among soluble N-ethylmaleimide-sensitive
factor attachment protein (SNAP) receptors (SNAREs) in that it
possesses a long hairpin-like C-terminal hydrophobic domain
(CHD), followed by a cytoplasmic basic region (Steegmaier
et al., 2000). Recent studies demonstrated the involvement ofer Inc.
Figure 1. Evolutionary Distribution of Syn17
An outline is shown of the relationships between
key organisms in which we searched for Syn17.
Green check marks indicate organisms in which
Syn17 has been identified, and inferred points of
gain and loss of Syn17 orthologs are symbolized as
shown in the color key. The base of the tree rep-
resents the lineage including the LECA, in which
Syn17 was likely present. See also Figure S1.Syn17 in autophagy (Hamasaki et al., 2013; Itakura et al., 2012).
Upon starvation, Syn17 redistributes to the MAM, where it facili-
tates the formation of functional autophagosomes by recruiting
the phosphatidylinositol 3-kinase complex through the interaction
with ATG14L, a subunit of the kinase complex (Hamasaki et al.,
2013). In the present study, we show that Syn17 interacts with
Drp1at theER-mitochondria contact site and regulatesmitochon-
drial fission in a SNARE (membrane fusion) activity-independent
manner in fed cells. Our data suggest that Syn17 plays different
roles in response to cell physiology and integrates functions for
the ER and autophagosomes with mitochondrial dynamics.
RESULTS
Syn17 Is an Ancient Eukaryotic Qa-SNARE Paralog
Given the role of Syn17 at multiple ancient eukaryotic organelles,
we examined whether it is an ancient Qa-SNARE paralog, along
with the other five Qa-SNAREs (Syn5, Syn18, Syn16, SynE, and
SynPM) reconstructed to have been present in the Last Eukary-
otic Common Ancestor (LECA)2 billion years ago (Koumandou
et al., 2013, inter alia). Thus, we used human Syn17 (accession
number NP_060389.2) in an initial query to search for Syn17 or-
thologs in a set of genomes spanning the taxonomic diversity of
eukaryotes. These searches revealed potential Syn17 orthologs
in other animals (e.g., N. vectensis) but also in representatives of
other eukaryotic supergroups (Figure 1). In order to confirm
these results and establish the orthology of these putative se-
quences to animal Syn17, we performed phylogenetic analysis.
After initial analyses to identify and remove highly divergent
sequences (data not shown), our results resolved candidate
Syn17 sequences from four of the six eukaryotic supergroups
with the human Syn17 sequence rather than with SNAREs
of any of the five known Qa-SNARE subfamilies (Figure S1A
available online). This suggests that Syn17 is a sixth ancient
Qa-SNARE paralog, present in diverse eukaryotic organisms
and, thus, in the LECA, but also lost in multiple lineages.Developmental Cell 32, 304–317The CHD of Syn17 is unique among
SNAREs and has been shown to be
crucial to its intracellular localization and
function (Itakura et al., 2012). To investi-
gate the phylogenetic importance of the
CHD, we reconducted the phylogenetic
analysis after eliminating the positions
corresponding to the C-terminal domain
region from the data set. The results
of this second analysis showed neither
support for a monophyletic Syn17 clade
nor support for grouping of the Syn17 se-quences with any other Qa-SNAREs (Figure S1B). This suggests
that the CHD and downstream C-terminal sequence provide a
key phylogenetic signal defining Syn17 sequences.
Syn17 Is Present at the ER-Mitochondria Contact Sites
Previous microscopic analyses showed that ectopically ex-
pressed Syn17 localizes to the ER and mitochondria in fed cells,
and subcellular fractionation using Percoll revealed that endog-
enous Syn17 is present in the microsomal, MAM, and mitochon-
drial fractions (Hamasaki et al., 2013; Itakura et al., 2012). We
were able to reproduce these results and recovered Syn17 in
the microsomal, MAM, and mitochondrial fractions via Percoll
fractionation (Figure 2A, left, top panel), where the mitochondrial
fraction likely contained MAMs, as shown by the presence of the
MAM marker fatty acid coenzyme A ligase 4 (FACL4) in this
fraction. For stably expressed FLAG-tagged Syn17, a similar
fractionation pattern was obtained, although FLAG-Syn17
tended to be more abundant in the MAM fraction (Figure S2A,
left, top panel). Double immunostaining showed that endoge-
nous Syn17 colocalized with a mitochondrial marker, cyto-
chrome c (Cyt c) (Figure 2B, top row). This staining was mostly
abolished by depletion of Syn17 using small interfering RNA
(siRNA) Syn17 (440) (Figure 2B, middle row) or Syn17 (194)
(data not shown). FLAG-Syn17 also exhibited a mitochondria-
like staining pattern, in addition to someER staining (Figure S2B).
Immunoelectron microscopy showed that FLAG-Syn17 is pre-
sent not only on mitochondria but also on the ER, albeit often
in close vicinity to mitochondria, i.e., MAMs (Figure S2C). These
findings are consistent with a recent report (Hung et al., 2014).
Syn17 Localization Is Sensitive to Digitonin and
Dependent on MTs
Because the MAM is rich in sphingolipids/cholesterol, and
perhaps also in gangliosides, it exhibits properties of lipid rafts
(Hayashi and Su, 2007; Sano et al., 2009). To determine if
Syn17 localizes to such structures, we decided to use digitonin, February 9, 2015 ª2015 Elsevier Inc. 305
Figure 2. Localization of Syn17
(A) HeLa cells were treated with 0.1% DMSO (vehicle, left) or 10 mg/ml Nz for 90 min (Nz, right) and then subjected to Percoll-based fractionation. Equal amounts
of proteins (10 mg each) were analyzed by immunoblotting. PNS, postnuclear supernatant; MS, microsomes; Mt, mitochondria. The amounts of proteins
recovered on fractionation were as follows for vehicle and Nz, respectively: PNS (7.6 mg and 6.4 mg), cytosol (5.4 mg and 4.4 mg), MS (1.7 mg and 1.2 mg), MAM
(0.52 mg and 0.36 mg), and Mt (0.32 mg and 0.23 mg). The percentages of Syn17 in each fraction normalized to the amount of Syn17 in the PNS fraction were as
follows for vehicle and Nz, respectively: MS (38.0 ± 5.3% and 30.1 ± 8.2%), MAM (4.6 ± 1.5% and 6.0 ± 0.54%), and Mt (5.7 ± 1.8% and 1.1 ± 0.14%). Values are
mean ± SD (n = 3).
(B) Cells were double immunostained without treatment (top row) or after Nz treatment (bottom row). Arrows indicate Syn17-positive, Cyt c-negative structures.
Alternatively, cells were mock treated or treated with siRNA targeting Syn17 [Syn17 (440)] for 72 hr and immunostained or subjected to immunoblotting (10 mg
proteins each) (middle row). Scale bar, 5 mm.
(legend continued on next page)
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that can efficiently extract cholesterol (Oliferenko et al., 1999)
and, at low concentrations, solubilize rafts. Treatment of cells
with 0.03 mg/ml digitonin before fractionation markedly
decreased the amount of Syn17 in the MAM and mitochondrial
fractions, whereas no apparent change was observed in the dis-
tribution of the raft-excluded MAM moiety of calnexin (CNX)
(Lynes et al., 2012; Myhill et al., 2008) or mitochondrial Tom20
(Figure 2C). Most FACL4 appeared to be released from digi-
tonin-treated cells, consistent with the fact that it is a peripheral
membrane protein.
In line with the fractionation data, the digitonin treatment
caused dissociation of Syn17 from mitochondria (Tom20) with
increased colocalization with CNX at the immunofluorescence
level (Figure 2D), although Syn17 was still associated with mem-
branes (Figure 2E). At a digitonin concentration of 2 mg/ml,
Syn17, as well as CNX, was largely solubilized, whereas
Tom20 needed a higher digitonin concentration (10 mg/ml) for
solubilization (Figure 2E). These data strongly suggest that
Syn17 localizes to raft-like structures of the MAM, in addition
to mitochondria.
Because ER-mitochondria contacts are dependent on MTs
(Friedman et al., 2010), we examined the possible interaction of
Syn17 with MTs. Indeed, immunoprecipitation demonstrated
that FLAG-Syn17 interacts with a-tubulin (Figure S2D). Consis-
tent with this, the MT-depolymerizing reagent nocodazole (Nz)
treatment decreased the amount of Syn17 in the mitochondrial
fraction (Figure 2A, right, lane 50). Concomitantly, some Syn17
visibly detached from mitochondria (Figure 2B, bottom row, ar-
rows). A similar Syn17 decrease in the mitochondrial fraction
was observed in stably FLAG-Syn17-expressing cells (Fig-
ure S2A, right, lane 50). Upon treatment with Nz, some FLAG-
Syn17 was redistributed to large punctate structures, which
were mostly negative for Tom20 (Figure S2E, second row, left)
but positive for FACL4 (Figure S2E, second row, right). This redis-
tribution was confirmed by immunoelectron microscopy
(Figure S2F).
FLAG-tagged Syn17 gave rise to large punctate structures
upon depolymerization of MTs that were essentially insensitive
to digitonin (Figure S2E, bottom row). While these structures
are products due to FLAG-Syn17 overexpression, their aggrega-
tion propensity reflects an intrinsic property of the CHDof Syn17,
as described later.
Syn17 Regulates Mitochondrial Fission
To test for a potential role of Syn17 in the functioning of the ER-
mitochondria contact site, we first investigated mitochondrial
dynamics in cells treated with Syn17 RNAi. Syn17 depletion by
Syn17 (440) (Figure 3A, lower row) or Syn17 (194) (data not
shown) caused mitochondrial tubules to become elongated
and slightly thinner. The average mitochondrial length in
Syn17-depleted cells was 2.9-fold longer than that in mock-
treated cells (Figure 3C). This mitochondrial elongation caused(C and D) Cells were incubated with 0.03 mg/ml digitonin for 5 min at room temper
Upon digitonin treatment, the Manders’ colocalization coefficients for the coloc
0.380 ± 0.05 (p% 0.01) and from 0.33 ± 0.06 to 0.67 ± 0.05 (p% 0.01), respecti
(E) Crude mitochondrial fractions were incubated with the indicated concentration
supernatant (sup) and pellet (ppt).
See also Figure S2.
Developby Syn17 (440) was reversed on the expression of siRNA-resis-
tant full-length Syn17 (Figure 3B, top row).
Next, we confirmed mitochondrial elongation in Syn17-
depleted cells by fluorescence recovery after photobleaching
(FRAP) analysis (Figure 3D; Movie S1). As the region of interest
(the minimum size setting on our microscope) appeared to be
approximately equal to mitochondrial size in mock-treated cells,
essentially no fluorescence recovery was observed. In contrast,
66% of the fluorescence was recovered in Syn17-depleted cells.
Next, we used a photoconvertible fluorescence protein, Mito-
Dendra2 (Wang et al., 2012), which can be irreversibly converted
from green to red fluorescence upon laser activation. The dilu-
tion rate of photoconverted Mito-Dendra2 is supposed to pri-
marily reflect mitochondrial connectivity and fusion events in
early (10 s) and late stages, respectively. Upon conversion,
Mito-Dendra2 was more rapidly dispersed in Syn17-depleted
cells than in control cells at an early stage (Figure 3E; Movie
S2), as reflected by a rapid decrease in red fluorescence in the
region of interest (ROI) (Figure 3F, upper panel). During this
experiment, we found that mitochondria visualized with nonpho-
toconverted Mito-Dendra2 moved (changed their positions)
more rapidly in Syn17-depleted cells than in control cells (Fig-
ure 3F, lower panel), suggesting that Syn17 regulates mitochon-
drial motility.
We next tested the involvement of Syn17 in mitochondrial
fission using Syn17 mutants, which allowed us to analyze the
contribution of individual domains found in the wild-type protein.
Syn17 has positively charged residues located at the CHD and
the following C-terminal region (Figure S3A) that are responsible
for membrane association and targeting specificity, respectively
(Itakura et al., 2012). First, we constructed several deletion mu-
tants and found that a mutant containing only the CHD and the
following C-terminal region, referred to as ‘‘the CHD+C region,’’
exhibits a mitochondria-like pattern (Figure S3B) similar to that
of full-length Syn17. This mutant, when transiently expressed,
could reverse the mitochondrial morphology in Syn17-depleted
cells (Figure 3B, middle row), suggesting that the activity of
Syn17 to regulate mitochondrial morphology is not related
to its SNARE (fusion) activity. To verify the importance of the
CHD+C region in targeting and function, we replaced it with
the transmembrane domain of the mitochondrial outer mem-
brane protein NIX/BNIP3L (Zhang and Ney, 2011). As expected,
the chimera, referred to as ‘‘Syn17-NIX,’’ was found to localize to
mitochondria (Figure S3C) but failed to reverse themitochondrial
elongation phenotype of Syn17-depleted cells (Figure 3B,
bottom row). Since positively charged residues adjacent to
transmembrane domains can act asMAMandmitochondrial tar-
geting signals (Raturi and Simmen, 2013), we individually re-
placed positively charged residues at the C-terminal region
following the CHD (Figure S3A). These replacements did not
drastically affect the distribution of Syn17 (data not shown). By
contrast, replacement of Lys-254 with Cys (K254C) within theature and then fractionated following cell lysis (C) or double immunostained (D).
alization of Syn17-Tom20 and Syn17-CNX were changed from 0.84 ± 0.07 to
vely (n = 3). Scale bar, 5 mm.
s of digitonin for 5 min at room temperature and then centrifuged to obtain the
mental Cell 32, 304–317, February 9, 2015 ª2015 Elsevier Inc. 307
Figure 3. Silencing of Syn17 Causes Mitochondrial Elongation
(A and B) In (A), HeLa cells were mock treated (top row) or treated with siRNA Syn17 (440) for 72 hr (bottom row). (B) Alternatively, at 48 hr after transfection of
siRNA Syn17 (440), cells were transfected with a plasmid encoding siRNA-resistant FLAG-tagged wild-type Syn17 (top row), FLAG-tagged Syn17 (CHD+C)
(middle row), or FLAG-tagged Syn17-NIX (bottom row), further incubated for 24 hr, and then double immunostained. Enlarged images of the boxed areas are
shown on the right. Scale bars, 5 mm.
(C) Quantitation of the data in (A) and (B). The data show the average length of mitochondria in the peripheral region (n = 5). KD, knockdown.
(D and E) At 48 hr after mock transfection or transfection with siRNA Syn17 (440), cells were transfected with a plasmid encoding Su9-GFP (D) or Mito-Dendra2 (E)
and further incubated for 24 hr. FRAP and photoconversion experiments were conducted as described in Experimental Procedures. The data in (D) show the
fluorescence intensities of Su9-GFP as the mean percentage (n = 3). Sec, seconds.
(F) Quantitation of the data in (E). Dilution of photoconverted Mito-Dendra2 (upper panel) and motility of nonphotoconverted Mito-Dendra2 reflecting mito-
chondrial movement (lower panel) are shown as a decrease in red fluorescence intensity in the ROI and a change in Manders’ colocalization coefficient,
respectively, between the initial (just after photoconversion) and subsequent images (n = 3). Essentially, the same mitochondrial motility was observed in cells
without photoconversion treatment (data not shown). Sec, seconds.
Data are expressed as mean ± SEM. *p% 0.05, **p% 0.01, and ***p% 0.001. See also Figure S3.CHD significantly redistributed Syn17 from the mitochondria
to the ER (Figure S3D). A similar redistribution was observed
when Lys-254 was replaced by Ala, Val, or Leu, but not Arg
(data not shown). Since transient overexpression of the K254C308 Developmental Cell 32, 304–317, February 9, 2015 ª2015 Elsevimutant caused mitochondrial condensation (Figure S3D, arrow),
we used cells stably expressing the K254C mutant (Figure S3E)
and found that this mutant failed to prevent mitochondrial elon-
gation in Syn17-depleted cells (Figure S3F). Consistent with theer Inc.
Figure 4. Silencing of Syn17 Perturbs the Dynamics of Drp1
(A) Mock-treated and Syn17-depleted HeLa cells were immunostained for Drp1. Enlarged images of the boxed areas are shown in the lower row. Scale bars,
5 mm. Quantitative data for the intensity of Drp1 dots (n = 6) are shown at right. AU, arbitrary units; KD, knockdown.
(B) At 48 hr after mock transfection or transfection with siRNA Syn17 (440), cells were transfected with a plasmid encoding GFP-Drp1 and further incubated for
24 hr. FRAP experiments were conducted (n = 10). Sec, seconds.
(C) Mock-treated, Syn17-depleted, or Mff-depleted cells were lysed, fractionated, and analyzed by immunoblotting. Of note, CMs contain MAMs.
(D) Cells were mock treated or depleted of Mfn1 or both Mfn1 and Syn17 and immunostained for Tom20 (left), and the length of mitochondria in the peripheral
region was measured (n = 3) (right). Scale bar, 5 mm.
(E and F) Mock-treated and Syn17-depleted cells were incubated with ethanol (vehicle) or 10 mMCCCP for 90 min (+CCCP), and then immunostained for Tom20
(E) or analyzed by immunoblotting (F). Scale bar, 5 mm.
Data are expressed as mean ± SEM. **p% 0.01 and ***p% 0.001. See also Figure S4.lack of mitochondria-like staining, the FLAG-tagged K254C
mutant was found in the microsomal and MAM fractions, with lit-
tle in the mitochondrial fraction, likely containing raft-like MAMs
(Figure S3G, top panel). These results together suggest that
Syn17 promotes mitochondrial fission and that Lys-254 is crit-
ical for localization and fission activity. Of note, Lys-254 is
required for aggregation formation upon Nz treatment (Fig-
ure S3H) and the binding to a-tubulin (Figure S2D).DevelopSyn17 Regulates the Dynamics of Drp1
To gain further insight into the molecular mechanism of mito-
chondrial dynamics influenced by Syn17, we examined how it
impacted the mitochondrial fission factor Drp1. In Syn17-
depleted cells, the average intensity of Drp1 puncta was
decreased by 63% in comparison with mock-treated cells (Fig-
ure 4A). To further assess the dynamics of Drp1 in Syn17-
depleted cells, FRAP experiments were performed. Whereasmental Cell 32, 304–317, February 9, 2015 ª2015 Elsevier Inc. 309
GFP-Drp1 fluorescence recovery occurred rapidly and effi-
ciently in mock-treated cells, in Syn17-depleted cells, there
was a lag period in GFP-Drp1 fluorescence recovery, with a
less efficient maximum recovery (Figure 4B; Movies S3A and
S3B). These results suggest that the loss of Syn17 reduced
the mobility of Drp1 on membranes. Since the distribution of
FLAG-Syn17 and mitochondrial fission both are dependent on
MTs, and FLAG-Syn17 interacts with MTs (Figure S2), we also
examined whether Nz treatment can phenocopy Syn17 deple-
tion. Consistent with their functional association, Nz treatment
resulted in a decrease in the intensity of Drp1 puncta by 72%
(Figure S4A) and an inefficient recovery of GFP-Drp1 fluores-
cence after photobleaching (Figure S4B; Movie S3C), similar
to Syn17 knockdown. In addition to this altered mobility of
Drp1, Syn17 knockdown also increased the amount of Drp1
associated with crude mitochondria membranes (CMs) contain-
ing MAMs (Figure 4C, middle, top panel). Together, our results
suggest that normal Syn17 expression is required for the
mobility and localization of Drp1.
Next, we tested whether Syn17 also influences mitochondrial
fusion, mediated by Mfns and Opa1. To test this hypothesis, we
first examined the effect of Syn17 knockdown in Mfn1-depleted
cells. Mfn1 is crucial for mitochondrial docking and fusion,
whereas Mfn2 has lower GTPase activity and has a more
diverse set of functions (de Brito and Scorrano, 2008; Ishihara
et al., 2004). When Mfn1 was depleted, mitochondrial fragmen-
tation and aggregation were observed (Figure 4D). In contrast,
Mfn1-Syn17 double-knockdown cells, like Syn17 single-knock-
down cells, exhibited a mitochondrial elongation phenotype,
although the average length of mitochondria in the peripheral
region was 17% shorter than that in Syn17 single-knockdown
cells (Figure 4D). These findings imply that the absence of
Syn17 promoted mitochondrial elongation, even under low
fusion conditions due to Mfn1 depletion. Next, we treated
cells with carbonyl cyanide m-chlorophenylhydrazone (CCCP).
CCCP dissipates the mitochondrial membrane potential, result-
ing in the cleavage-dependent inactivation of Opa1 responsible
for the fusion of the inner membrane (Ishihara et al., 2006). While
CCCP treatment of mock-treated cells produced fragmented
mitochondria (Figure 4E, upper row), fragmentation was pre-
vented by Syn17 depletion (Figure 4E, lower row). Immuno-
blotting demonstrated that Opa1 was cleaved upon CCCP
treatment in both mock-treated and Syn17-depleted cells (Fig-
ure 4F, left, lanes 2 and 4). Of note, Syn17 knockdown did not
markedly affect the expression levels of mitochondrial fusion
(Figure 4F, left, lanes 1 and 3) and fission machineries (Figure 4F,
right, lanes 1 and 3). Since Syn17 knockdown promotes mito-
chondrial elongation, even under conditions when fusion activity
is low, our results favor the idea that Syn17 primarily regulates
mitochondrial fission. Although less likely, future studies will
have to determine whether Syn17 also directly regulates mito-
chondrial fusion.
Syn17 Interacts with Drp1 Attached to Mff at the
ER-Mitochondria Contact Site
To detect a direct interaction between Syn17 and Drp1, we
performed proximity ligation assay (PLA). This assay fluores-
cently detects the in situ formation of complexes between two
different proteins or the presence of two different proteins within310 Developmental Cell 32, 304–317, February 9, 2015 ª2015 Elsevi30–40 nm (So¨derberg et al., 2006). We found positive signals for
Syn17 and Drp1 (Figure 5A, top panel), which were not seen
in cells with low Syn17 expression (Figure S5A, top row, left).
This PLA signal was barely detectable for Syn17-Tom20 and
FLAG-Syn17-Fis1 (Figure S5A, bottom row), further demon-
strating the specificity of the signals. When Drp1 receptors
(Mff, MiD49, and MiD51) were individually depleted, the Syn17-
Drp1 signal was reduced by depletion of Mff, but not MiD49 or
MiD51 (Figure S5A, middle row), suggesting that Syn17 interacts
with Drp1 attached to Mff but probably not MiD49 or MiD51. The
signal for Mff-Drp1 was not affected by Syn17 depletion (Fig-
ure S5A, top row, right; compare with Figure 5A, middle panel),
suggesting that Syn17 does not substantially contribute to the
association between Mff and Drp1. The Syn17-Drp1 proximity
was found to be dependent on MTs (Figure 5A, bottom panel)
and the CHD+C region (Figures 5B, middle panel, and 5D, lower
panel).
To reveal the spatial relationship of Syn17-Drp1 with mito-
chondria and the ER, we expressed Su9-GFP (mitochondria) or
yellow fluorescent protein (YFP)-KDEL (ER) and performed PLA
(Figure 5E). Syn17-Drp1 signals (red dots) did not markedly co-
localize with mitochondria and often localized between apposed
mitochondria or at the edge of mitochondria (Figure 5E, left,
arrows). Strikingly, the Syn17-Drp1 signals colocalized with
YFP-KDEL-positive structures (Figure 5E, right, arrowheads).
These results suggest that the Syn17-Drp1 interaction site is
on or close to the ER, although Syn17 staining principally exhibits
a mitochondria-like pattern.
To determine whether ER-mitochondria tethering and MAM
integrity are required for the Syn17-Drp1 interaction, we knocked
downMfn2, a key tether for ER-mitochondria (de Brito and Scor-
rano, 2008), and PACS-2, a multifunctional sorting protein that
is also required for maintaining MAM integrity (Simmen et al.,
2005). Under both conditions, we detected reduced Syn17-
Drp1 proximity (Figure 5C). Moreover, immunofluorescence
staining showed that depletion of Mfn2 or PACS-2, but not
Mfn1, resulted in the formation of mitochondria regions that are
negative for Syn17 (Figure S5C, arrows).
Syn17 Interacts with Drp1 in a GTP-Dependent Manner
To further confirm the interaction of Syn17 with Drp1, we
performed coimmunoprecipitation experiments. In the pres-
ence of a nonhydrolyzable GTP analog, GMP-PCP, GFP-
Drp1 coprecipitated with FLAG-Syn17 (Figure 6A, right,
lane 5), whereas no coprecipitation was observed in the
presence of guanosine diphosphate (GDP) (Figure 6A, right,
lane 4). We next examined the binding of Syn17 to a Drp1
dominant-negative mutant (K38A), which is defective in hydro-
lysis but retains some GTP-binding ability with an increased
membrane binding (Smirnova et al., 1998; Yoon et al., 2001).
This mutant forms large complexes in cells consisting of
membrane tubules with a diameter of 27 ± 3 nm, similar to a
GTP-bound, constricted form of Dnm1 (yeast Drp1) (Mears
et al., 2011). Even in the absence of GMP-PCP, GFP-
Drp1 (K38A) coimmunoprecipitated with FLAG-Syn17 and
K254R, but not with the ER-associated K254C or K254A
(Figures S6A and S6B), perfectly correlates with their distribu-
tions. Moreover, consistent with the fact that the CHD+C
region of Syn17 lacking the SNARE domain has an activityer Inc.
Figure 5. Syn17 Is in Proximity to Drp1 at the ER-Mitochondria Contact Site
(A–D) PLA was performed using the indicated pairs of antibodies (n = 3). When little or no positive signal was detected, the brightness of images was slightly
enhanced to show the presence of cells. Scale bars, 5 mm. (A) HeLa cells with mock treatment or treated with 10 mg/ml Nz for 3 hr (+Nz). The bottom graph shows
the quantitation of the number of fluorescent puncta shown in the upper panels and Figure S5A. White bars indicate Mff and Drp1; gray bars indicate Syn17 and
Drp 1 or Tom20. (B) Cells stably expressing FLAG-tagged wild-type (WT) Syn17 or the K254C mutant. (C) Cells were mock treated or depleted of Mfn1, Mfn2, or
PACS-2. (D) Cells were transfected with a plasmid encoding FLAG-Syn17 or FLAG-Syn17-NIX, and PLA was conducted at 24 hr after transfection. The
expression efficiencies of FLAG-Syn17 and FLAG-Syn17-NIX were similar (data not shown).
(E) HeLa cells were transfected with a plasmid encoding Su9-GFP (mitochondria) or YFP-KDEL (ER). At 24 hr after transfection, the cells were subjected to PLA to
detect the Syn17-Drp1 proximity (red dots). Arrows and arrowheads indicate PLA signals at possible mitochondrial cleaved or fission sites and those on or close
to the ER in the peripheral region, respectively. Scale bar, 5 mm.
Data are expressed as mean ± SEM. **p% 0.01 and ***p% 0.001. See also Figure S5.to facilitate mitochondrial fission, this fragment bound to GFP-
Drp1 (K38A) (Figure S6C, right, lane 10). Immunofluorescence
microscopy showed that expression of GFP-Drp1 (K38A)
in cells resulted in the loss of endogenous Drp1 puncta (Fig-Developure S6D), implying endogenous Drp1 redistribution to GFP-
Drp1 (K38A)-positive large puncta, which is consistent with
the view that the GTP-bound form of Drp1 assembles but
cannot disassemble.mental Cell 32, 304–317, February 9, 2015 ª2015 Elsevier Inc. 311
(legend on next page)
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Syn17 Inhibits the AKAP Activity of Rab32 on Drp1 and
Affects MAM-Ca2+ Exchange
The mitochondrial fission activity of Drp1 disappears upon
protein kinase A (PKA)-mediated phosphorylation at Ser-637 (El-
gass et al., 2013). As shown in Figure 6B, lane 2, depletion
of Syn17 increased the phosphorylation of Drp1 at Ser-637,
providing a mechanism for the defect in Drp1 function in
Syn17-depleted cells. Previous work has associated the MAM-
localized A-kinase anchoring protein (AKAP) Rab32 with this
Drp1-inhibitory mechanism (Bui et al., 2010). The inhibitory
phosphorylation of Drp1 on Ser-637 in the absence of Syn17
requires Rab32 (Figure 6B, lane 4).
It is interesting that Syn17 coimmunoprecipitated with FLAG-
Rab32 (Figure 6C, right, lane 8) but not with FLAG-Rab38 (lane
9), a close relative of Rab32. PLA experiments demonstrated
the proximity of GFP-Rab32 to FLAG-tagged wild-type Syn17
but not to the K254C mutant (Figure 6D). To further characterize
the relationship between Rab32 and Syn17 in Drp1 regulation,
we examined whether Rab32 depletion affected the proximity
between Syn17 and Drp1. As shown in Figure 6E, Rab32 deple-
tion caused a 2.7-fold increase in the PLA signal between Syn17
and Drp1. In addition, mitochondrial fission induced by Rab32
depletion (Bui et al., 2010) was prevented by Syn17 depletion
or reversed by Nz treatment (Figure 6F). Together, these results
suggest a model in which Syn17 not only supports Drp1 function
but also prevents phosphorylation of Drp1 by interacting with the
AKAP Rab32 (Figure 7E, right, Fed). If this model is correct, one
would expect that a nonphosphorylatable Drp1 mutant may
restore fission in the absence of Syn17, normally associated
with fusion, since in this scenario, Drp1 can bypass inactivation
by the AKAPRab32. As expected, expression of theGFP-tagged
nonphosphorylatable mutant Drp1 S637A caused mitochondrial
fission in Syn17-depleted cells (Figures 6G and 6H).
Rab32not onlyactsasanAKAPbut also regulates theMAM (Bui
etal., 2010), a site forCa2+exchangewithmitochondria (Raturi and
Simmen, 2013; Rowland and Voeltz, 2012). In this function, active
Rab32 promotes ERCa2+ release and its transfer to mitochondria
(Bui et al., 2010). Given its interaction with Rab32, we asked
whether Syn17also regulatesERCa2+homeostasis.Syn17deple-Figure 6. Syn17 Abrogates the Influence of Rab32 on Drp1 and Affects
(A) 293T cells were cotransfectedwith plasmids encoding GFP-Drp1 and FLAG or
beads in the presence of 0.1 mM GDP or 0.1 mM GMP-PCP and analyzed by i
lysates was analyzed as input (left).
(B) HeLa cells weremock treated or treated for 72 hr with siRNASyn17 (440), siRNA
immunoblotting with the indicated antibodies.
(C) HeLa cells were transfected with a plasmid encoding each FLAG-tagged Rab
described (Bui et al., 2010). Five percent of lysates was used as input (left).
(D) Cells stably expressing FLAG-tagged wild-type (WT) Syn17 or the K254C m
transfection, PLA for GFP-Rab32 and FLAG constructs was performed (n = 3).
(E) PLA for Syn17-Drp1 in cells with mock treatment or Rab32 knockdown (n = 3
(F) Mitochondrial morphology in cells with mock treatment or depleted of Rab32 a
for 90 min. Scale bar, 5 mm.
(G) At 48 hr after mock transfection or transfection with siRNA Syn17 (440), cells we
which Ser-637 was replaced by Ala (right), further incubated for 24 hr, and immu
(H) Quantitation of the data in (G). The length of mitochondria in the peripheral re
(I–K) In (I) and (K), Ca2+ release from the ER in mock-treated or Syn17-depleted ce
measured as described in the Supplemental Experimental Procedures. The graph
uptake (K), respectively (n = 3). In (J), [Ca2+]ER was measured for mock-treated ce
arbitrary units.
Data are expressed as mean ± SEM. *p% 0.05, **p% 0.01, and ***p% 0.001. S
Develoption significantly decreased histamine-induced Ca2+ release from
the ER into the cytosol (Figures 6I and S6E). We detected a 60%
decrease of ER Ca2+ content in Syn17-depleted cells (Figure 6J).
Conversely, Syn17 overexpression caused a 2-fold increase in
the ER Ca2+ content. In parallel with a decrease in Ca2+ release
from the ER, mitochondrial Ca2+ uptake was decreased in
Syn17-depleted cells (Figures 6K and S6F). Together, these indi-
cate that Syn17 interferes with the PKA-anchoring functions of
Rab32 as well as its role in MAM Ca2+ exchange.
Starvation Induces the Redistribution of Syn17 to
Digitonin-Insensitive Membranes Accompanied by
Changes of Binding Partners
Recent studies demonstrated the involvement of Syn17 in auto-
phagy. Upon starvation, expressed Syn17 translocates to the
MAM (Hamasaki et al., 2013) and/or autophagosomes (Itakura
et al., 2012). However, we could no see obvious colocalization
of endogenous Syn17 with the autophagic marker LC3 upon
starvation of HeLa cells (data not shown). This may suggest
that Syn17 association with MAM/isolation membranes/auto-
phagosomes may be transient.
In contrast, and as reported previously (Hamasaki et al., 2013;
Itakura et al., 2012), we detected the redistribution of FLAG-
Syn17 to LC3-positive structures upon starvation (Figure 7A,
middle row, arrows), concomitant with a substantial reduction
in the mitochondria-like staining of FLAG-Syn17. This could indi-
cate that FLAG-Syn17 in LC3-positive puncta is derived, at least
partly, from the mitochondria-like structures. Treatment of
starved cells with digitonin at a concentration of 0.03 mg/ml
did not induce the release of FLAG-Syn17 from LC3-positive
puncta (Figure 7B, right), suggesting that FLAG-Syn17 is not pre-
sent on raft-like structures after starvation.
During starvation, Drp1-mediated mitochondrial fission is in-
hibited, and elongatedmitochondria are spared from autophagic
degradation and maintain ATP production (Figure 7C; Gomes
et al., 2011; Rambold et al., 2011). Concomitantly, the intensity
of Drp1 dots was decreased (Figure S7A), as observed for
Syn17 knockdown and Nz treatment (Figures 4A and S4A). Since
Syn17 binds to ATG14L upon starvation (Hamasaki et al., 2013),MAM-Ca2+ Exchange
FLAG-Syn17, and cell lysates were immunoprecipitated (IP) with anti-FLAGM2
mmunoblotting with antibodies against GFP and FLAG (right). Five percent of
targeting Rab32, or both, and then cell lysates were prepared and analyzed by
construct. After 24 hr, cell lysates were prepared and immunoprecipitated as
utant were transfected with a plasmid encoding GFP-Rab32. At 24 hr after
).
lone, both Rab32 and Syn17, or Rab32 followed by incubation with 10 mg/ml Nz
re transfected with a plasmid encoding wild-type GFP-Drp1 (left) or amutant in
nostained. Scale bar, 5 mm.
gion was measured (n = 3).
lls was induced by 10 mMhistamine, and [Ca2+]cytosol and [Ca
2+]mitochondria were
s show the total amounts of Ca2+ release from the ER (I) andmitochondrial Ca2+
lls, Syn17-depleted cells, and cells stably expressing FLAG-Syn17 (n = 3). AU,
ee also Figure S6.
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Figure 7. Starvation Induces the Redistribu-
tion of Syn17 and the Change of the Binding
Partner
(A and B) HeLa cells stably expressing FLAG-
Syn17 were incubated in a nutrient medium (left) or
starvation medium (Earle’s balanced salt solution:
Sigma-Aldrich) for 1 hr (right). The cells were
immediately fixed (A) or incubated with 0.03 mg/ml
digitonin for 5 min at room temperature before
fixation (B) and double immunostained. Arrows
indicate representative LC3- and FLAG-Syn17-
positive puncta. Scale bars, 5 mm.
(C) Cells subjected to starvation for 1 hr were
immunostained for Tom20 (left), and the length of
mitochondria in theperipheral regionwasmeasured
(middle). Mito-Dendra2 photoconversion experi-
ments were conducted after starvation for 1 hr, and
the dilution of red fluorescence in the ROI was
plotted (n = 3) (right). Scale bar, 5 mm.Sec, seconds.
(D) Cells were nontransfected (left) or transfected
with a plasmid encoding 3X-FLAG-ATG14L (right).
After 24 hr, the cells were without starvation
treatment or subjected to starvation for 1 hr, and
PLA was performed using the indicated pairs of
antibodies (n = 3). When little or no positive signal
was detected, the brightness of images was
slightly enhanced to show the presence of cells.
Scale bar, 5 mm. (E) A model for the function
and localization of Syn17 in the ER-mitochondria
interface. For details, see Results and Discussion.
Data are expressed as mean ± SEM. **p % 0.01
and ***p % 0.001. See also Figure S7.we tested whether Syn17 changes a binding partner from Drp1
to ATG14L in response to starvation. We first demonstrated
that, as in the case of the interaction with Drp1, the association
and proximity of FLAG-Syn17 with GFP-ATG14L during starva-
tion depends on Lys-254 (Figures S7B, lane 8, and S7C, lower314 Developmental Cell 32, 304–317, February 9, 2015 ª2015 Elsevier Inc.row, right). PLA experiments demon-
strated that, upon starvation, the signal
for Syn17-Drp1 was drastically de-
creased, whereas the signal for Syn17-
3X-FLAG-ATG14L, as well as that for
FLAG-Syn17-GFP-ATG14L (Figure S7C,
upper row), was markedly increased (Fig-
ure 7D), implying the occurrence of part-
ner switching upon starvation. The loss
of the Syn17-Drp1 interaction upon star-
vation may be partly due to a reduced
interaction of Syn17withMTs (FigureS7D,
lane 4). In contrast to the loss of the
Syn17-Drp1 interaction, the proximity be-
tween FLAG-Syn17 and GFP-Rab32 was
retained under starvation conditions
(Figure S7E).
DISCUSSION
SNAREs are key players encoding, at
least in part, the specificity of membrane
trafficking (Jahn and Scheller, 2006) andhave been proposed as central to the evolutionary mechanism
giving rise to nonendosymbiotically derived organelles (Dacks
et al., 2008). The various SNARE families (Qa, b, c, and R), and
five organelle-specific Qa subfamilies, have been reconstructed
as being present prior to the LECA (Koumandou et al., 2013, inter
alia). Our phylogenetic result ismost consistent with Syn17 being
a sixth ancient Qa-SNARE paralog. Notably, this necessitates
the inclusion of Syn17 in current models of ancient endomem-
brane evolution and opens the exploration of Syn17 biology in
organisms outside of animals. Unlike the other Qa-SNARE
paralogs, themajor phylogenetic signal in Syn17 seems to reside
in the C-terminal domain, consistent with its critical functional
role. The distribution of Syn17 is consistent with a growing
body of evidence that ancient but patchily distributed proteins
are more common than previously suspected in the eukaryotic
membrane trafficking system, emphasizing a role for gene loss
in evolutionary cell biology (Schlacht et al., 2014). It is interesting
that a protein with just such a distribution is Rab32 (Elias et al.,
2012), a known interactor of Syn17.
The data presented here suggest a model whereby Syn17 lo-
calizes to the ER and mitochondria and regulates mitochondrial
division by determining the localization and fission activity of
Drp1 (Figure 7E, left panel). MTs may regulate the integrity of
ER-mitochondria contact sites through the interaction with
Syn17 and/or other proteins. Lys-254 of Syn17 may face the
cytoplasmic side and interact with MTs, or it may be present
within the membrane and interact with integral membrane pro-
tein(s) that bind to MTs. Syn17 may assist the assembly of
GTP-bound Drp1 around mitochondria, and the fusion (SNARE)
activity of Syn17 is not required for this role. In the absence of
Syn17, Drp1 may fail to fully surround mitochondria; therefore,
assembly-stimulated (spiral-formation-induced) GTP hydroly-
sis, which is required for membrane constriction and the
detachment of Drp1 from membranes (Chappie et al., 2011;
Mears et al., 2011), would remain suppressed. Alternatively,
but not exclusively, Syn17 prevents the inactivation of Drp1
by Rab32-mediated PKA phosphorylation (Figure 7E, right
panel, Fed). These views can explain a decrease in the intensity
of Drp1 puncta (Figures 4A and S4A), an increase in the immo-
bile fraction of Drp1 on FRAP (Figures 4B and S4B), and the
failure of Drp1 detachment from membranes (Figure 4C) in
the absence of Syn17 due to siRNA-mediated knockdown or
Nz treatment.
Our data show that Syn17 is present on raft-like structures
close to, and perhaps on, mitochondria. Syn17 was detached
from mitochondria-like structures by treatment with 0.03 mg/ml
digitonin (Figure 2D) and was substantially solubilized, like the
ER/non-raft MAM-localized protein CNX, with 2 mg/ml digitonin
(Figure 2E). At this concentration, Tom20 was not solubilized.
Nz treatment reduced colocalization of FLAG-Syn17 with
mitochondria and formed Syn17-positive puncta adjacent to
mitochondria (Figures S2E and S2F). Of note, similar punctate
structureswere formedupon starvation (Figure 7A), and it is inter-
esting that both are insensitive to a low concentration of digitonin
(Figures7BandS2E). These findingscanbeexplainedby the idea
that theMAMconsists of digitonin-sensitive (raft-like) and -insen-
sitive membrane domains and that Syn17 canmove in and out of
the two different subdomains in the context of cell physiology
(Figure 7E, right panel). It is worth mentioning that several raft-
localized MAM proteins such as presenilin 2 (Area-Gomez
et al., 2012; Zampese et al., 2011) andSigma-1 receptor (Hayashi
and Su, 2007), like Syn17, regulate ER Ca2+ homeostasis,
emphasizing the importance of the raft-like structure in the
MAM for ER Ca2+ homeostasis.DevelopNutrient deprivation causes PKA activation and, in turn, inac-
tivates Drp1 by PKA-mediated phosphorylation, leading to
mitochondrial elongation (Gomes et al., 2011; Rambold et al.,
2011). This elongation has been postulated to be an adaptation
of cells that can maximize ATP production and prevent auto-
phagic clearance of mitochondria and apoptosis. The present
finding that, upon starvation, Syn17 replaces its interaction
with Drp1 to ATG14L (Figure 7D) can provide an additional
mechanistic explanation for starvation-induced mitochondrial
elongation. In nutrient-rich conditions, Syn17 promotes mito-
chondrial fission by interacting with Drp1 (Figure 7E, right panel,
Fed). Syn17 also interacts with the AKAP Rab32 to prevent
Drp1 phosphorylation. Upon starvation, Syn17 promotes auto-
phagy by interacting with ATG14L and enables mitochondrial
elongation for cell survival (Figure 7E, right panel, Starved).
Rab32 remained bound to Syn17 during autophagy, in line
with a previous result that Rab32 is involved in autophagy
(Hirota and Tanaka, 2009).
Together, our data show a function for Syn17 in mitochondrial
dynamics. While Syn17 regulates ER-ERGIC trafficking (Muppir-
ala et al., 2011) using the SNARE domain, our results identify the
CHD domain as critical for mitochondrial dynamics. During
stress and starvation situations, Syn17 shifts its role to the con-
trol of autophagy, starting off at raft-like structures but then being
shifted into nonraft structures, including autophagosomes,
where Syn17 uses normal SNARE-SNARE interactions for mem-
brane fusion (Itakura et al., 2012). The localization of Syn17 at the
MAMprovides an elegant explanation for these seemingly dispa-
rate observations, since this structure serves as a unifying point
of origin for all these functions.
EXPERIMENTAL PROCEDURES
Detailed experimental procedures are provided in the Supplemental Experi-
mental Procedures. All animal procedures and experiments were approved
by the Animal Care Committee of Tokyo University of Pharmacy and Life
Sciences and conducted according to the guidelines of the committee.
Plasmids for Syn17
A pME18 vector encoding human Syn17 was obtained from the NITE Biolog-
ical Resource Center. The cDNA for Syn17 was subcloned into the EcoRI/
EcoRV site of pFLAG-CMV-6a. Mutations in the cDNA for Syn17 were cor-
rected by inverse PCR. Substitution for Lys-254 was performed by inverse
PCR. pFLAG-CMV-6c was used to express FLAG-Syn17 (CHD+C region).
Anti-Syn17 Antibody
Because a commercially available anti-Syn17 antibody (Sigma-Aldrich) is use-
ful in immunoblotting, but not in immunofluorescence staining, we produced
an antibody against bacterially expressed GST-Syn17 lacking the CHD+C re-
gion. The antibody was affinity purified using Sepharose 4B coupled with
maltose-binding protein-Syn17 lacking the CHD+C region.
Live-Cell Imaging, FRAP, and Photoconversion
Live cell imaging, FRAP experiments, and Mito-Dendra2 photoconversion ex-
periments were performed with an Olympus Fluoview 1000 laser scanning mi-
croscope equipped with a stage-top incubator (37C, 5% CO2). To visualize
mitochondria in FRAP analysis (Movie S3), cells were incubated with 10 nM tet-
ramethylrhodamine ethyl ester (Invitrogen) in Opti-MEM supplemented with
10% fetal calf serum. The minimum region defined by the apparatus was pho-
tobleached using a 488-nm laser at 100% laser power for 0.5 s. After photo-
bleaching, images were obtained at 0.5 s intervals. In photoconversion exper-
iments, the minimum region was photoconverted using a 405-nm laser at
100% laser power for 3 s. After photoconversion, images were obtained atmental Cell 32, 304–317, February 9, 2015 ª2015 Elsevier Inc. 315
10 s intervals. Because some photobleaching occurred concomitantly with
Mito-Dendra2 photoconversion, we did not define the laser-irradiated area
as the ROI. Instead, the ROI was set to 7.53 6 mm2 to cover most of the photo-
converted Mito-Dendra2 signal, and the decrease in the red signal in the ROI
was estimated.
Measurement of Mitochondrial Length
Cells were immunostained with an antibody against Cyt c or Tom20, and im-
ages were obtained by confocal microscopy and analyzed using ImageJ soft-
ware. The average length of Cyt c- or Tom20-positive tubules in the peripheral
region was estimated. In HeLa cells, many mitochondria in the peripheral re-
gion are separated.
Measurement of Drp1 Dots
Drp1 fluorescence dots were identified using the ‘‘analyze particle’’ program in
ImageJ software (NIH). Randomly, 50 dots were selected in each cell, and their
average intensity was calculated. Ten cells were analyzed in each experiment,
and the experiments were repeated six times.
Quantitation and Statistics
Quantification of the length of mitochondria and the number of PLA dots
were performed using ImageJ software (NIH). In each experiment, at least
25 cells were analyzed. Analyses of the FRAP data and relative fluorescence
intensities for linear regions were also performed using ImageJ software. To
quantify the degree of colocalization, we measured the fluorescence inten-
sities of images using ImageJ software, and Manders’ correlation coefficients
were calculated.
The results were averaged; expressed, unless otherwise stated, as the
mean ± SEM; and analyzed using a paired Student’s t test. The p values are
indicated by asterisks in the figures with the following notations: *p % 0.05;
**p% 0.01; ***p% 0.001. Comparative genomics was undertaken using profile
Hidden Markov Model searching (http://hmmer.janelia.org) in a sampling of
genomes spanning eukaryotic diversity. Phylogenetics were performed via
both Bayesian and maximum-likelihood methods, with incorporation of the
optimal model of sequence evolution for each data set.SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and three movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.12.011.
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